As can be seen from figure 1 there is a close agreement between our values and those calculated by Fage.
The technique of measuring the absolute cross-section for the scattering of protons by protons has been developed to a high degree of precision, and reliable experimental data are available over a wide range of energies. This material can provide valuable information about the nuclear interaction between two protons, a detailed study of which is not possible by any other means.
In the present paper the interaction between two nucleons will be described in terms of the symmetrical version of the meson theory of nuclear forces which has been developed by Moller & Rosenfeld (1940) . The static interaction in this theory contains three adjustable parameters, two of which will be chosen so th at the energies of the stable and virtual states of the deuteron are given correctly; the third para meter is the mass of the meson. The empirical data will be used to check the predicted angular distribution of the scattered protons and to determine the mass of the meson. Special attention will be paid to the relationship between the neutronproton and proton-proton interactions, both as regards magnitude and range of action. " Recently, Wilson (1947) has investigated proton-proton scattering a t an energy of 10 MeV, and he has detected a P-wave anomaly in addition to the wave anomaly known hitherto. His results indicate th at the nuclear interaction between two protons in a 3P state is weakly repulsive, a feature which is in accord with the version of meson theory adopted in this paper. This experiment, which gives the first informa tion on the nuclear interaction in a 3P state, provides an independent test .of a theory of nuclear forces. Wilson's results will be analyzed in detail and compared with the quantitative predictions of the Moller-Rosenfeld theory.
On the scattering of protons by protons 22 P r e l i m i n a r y
In the mixed symmetrical meson theory of Moller & Rosenfeld (1940) the static part of the interaction between two nucleons is given by V = (G/r) e~Ar,
where r is the distance between the nucleons and where the inverse range A is related to the meson mass m by the equation
The reasons for the adoption of this particular version of the meson theory of nuclear forces have been presented by the author in a previous paper (1947) . The eigenvalue of the operator G depends only on the symmetry properties of the wave function describing the behaviour of the two nucleons; its value is determined if it is specified whether the state is a singlet or a triplet and whether the azimuthal quantum number l is even or odd. The Moller-Rosenfeld theory predicts a strong repulsion between two nucleons in a JP state, and a weak repulsion in a 3P state. Proton-proton scattering cannot give any information about the former interaction as the X P configuration is for bidden by the Pauli principle. The validity of the theory in this connexion has, however, already been established by the results of experiments on the scattering of fast neutrons by protons (cf. Ramsey 1947). The absence of the strong rP interaction in the proton-proton case opens up the possibility of studying the interaction in the 3P state, which is weakly repulsive in the Moller-Rosenfeld scheme. This feature of the theory is confirmed, at least qualitatively, by recent experiments by Wilson (1947) on the scattering of 10 MeV protons by protons.
The static interaction of the theory adopted contains three adjustable para meters, the mass of the meson and two charge constants. For a fixed meson mass the f harge constants will be chosen so that the theory leads to the correct energy levels for the stable and virtual states of the deuteron. Ramsey (1947) has already fixed the charges in this manner but, for the purposes of the present paper, it has been necessary to extend the calculations to higher values of the meson mass. I t is con venient to replace the interaction constant O by the dimensionless parameter
where M is the mass of a proton. The results of the calculations are given in table 1 ( medenotes the mass of an electron). The uncertainties indicated in the values of 6 allow for the errors in the experimental data on the states of the deuteron and for errors inherent in the method of calculation; it is the former which gives the major contribution. The restrictions placed on b are stringent and its value is known to 0*04 % for the 3S state and to 0-2 % for the 1S state. The latter uncertainty may seem surprisingly low in view of the fact th at the empirical result on which it is based, namely, the cross-section for the scattering of thermal neutrons by protons, is known only to 5 %. This feature is closely connected with the fact that, were the crosssection infinite so th a t the virtual X S state has zero energy, the value of b would be increased by only 10 % to 1*68 (cf. Hulthen 1944). In addition to (1), there is a non-static interaction whose influence on the energy levels of the deuteron is appreciable (cf. Moller & Rosenfeld 1940) . This difficulty can be removed, as Rosenfeld (1945) has pointed out, by a modification of the method of separating the total interaction into static and non-static parts. The non-static interaction then contains only non-central terms and so has no influence in the *S configuration, either directly or through the determination of the constant b*; it is this state which controls proton-proton scattering a t low energies. On the other hand, the value of 6 for the 3S state is liable to slight modification on account of the non-static interaction, which also gives rise to the quadrupole moment of the deuteron: this is not, however, important in the present paper. Likewise the addition of a non-central term to the static interaction would not affect the subsequent discussion.
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M e t h o d s o f c a l c u l a t io n
General accounts of the wave mechanical treatm ent of the scattering of protons by protons have been given by Breit, Condon & Present (1936) and by Rosenfeld (1947) . The problem can be reduced to the evaluation of a set of phase shifts by a standard procedure.
The simplest method to determine a phase shift is to use the Born approximation, but this is reliable only if the energy is very high or if the quantum number l is large.
A more accurate approximation has been developed by Ramsey (1948) . In table 2 the predictions of these formulae for the X S state are compared with the results of numerical integration a t a series of energies up to lOMeV. Ramsey's method con sistently gives better results than the Born approximation, but neither method is sufficiently accurate for the purposes of the present paper. For states with l greater than zero Ramsey's approximation is reliable a t all energies. The approximate formulae for the phase shift are cumbersome on account of the complicated nature of the Coulomb functions. In the scattering of neutrons by protons only well-known functions occur and the approximations are consequently more tractable. At high energies corresponding proton-proton and neutron-proton phase shifts are equal, and so the latter may be computed instead of the former. The error introduced by adopting t*his procedure at medium energies is small, especially for states with large angular momenta. At lOMeV the neutron-proton and protonproton X S phase shifts differ by approximately 5 %; the percentage difference will be considerably smaller for the 3P state. The neutron-proton phase shifts have therefore been used for the 3P and X D states; the contribution of these states to the scattered distribution is relatively small and so a small percentage error is unimportant.
T a b l e 2. X S p h a s e s h if t s
In the case of X S states the wave function was found by a step-by-step numerical integration. The phase shift was then calculated from the asymptotic form of the wave function by means of a formula given by Breit (1936) . The error in these phase shifts is considerably less than 1 %.
T h e s c a t t e r in g o f s l o w p r o t o n s b y p r o t o n s
The term ' slow ' in this connexion refers to the energy range in which the nuclear force between the protons gives rise to an S scattered wave only (say, from 0-1 to 5 MeV).
The experimental data on proton-proton scattering at energies below 2-4 MeV accumulated as a result of several series of careful investigations carried out in America between 1936 and 1940. A complete bibliography of the papers relating to these experiments is given by Rosenfeld (1947) . The empirical data were analyzed in detail by Breit et al. (1936) and by Breit, Thaxton & Eisenbud (1939) , and they found that the internal consistency of the data was extremely good. This suggests that the experiments are very accurate and consequently are suitable for testing a theory of nuclear forces. More recently, May & Powell (1947) have investigated the scattering of 4-2 MeV protons by protons using a photographic technique.
In table 3 and in figure 1 the theoretical predictions are compared with the empirical data. The agreement cannot be regarded as satisfactory. If the meson mass is 225 me (or lower), the theory leads to phase shifts which are too large at very low energies and which are too small at higher energies; it is therefore not possible to get 
F ig u r e 1. The theoretical variation of th e *S phase shift w ith energy, using the interaction constant determ ined from th e scattering of therm al neutrons by protons; th e full curves refer to meson masses of 225 m e and 275 m e.The expe authors. The broken curve, which is in good agreem ent w ith the empirical d ata, refers to a meson mass of 274 me and an interaction constant ab out 2% weaker th a n th a t of the neutron-proto interaction.
agreement with experiment by altering the value of 6. On the other hand, a meson mass of 275 rae leads to too large phase shifts at all the energies considered, and a tolerable agreement with experiment can be obtained by reducing the interaction constant by 2 %. The broken curve of figure 1, which is acceptably close to the empirical data, is constructed from the numerical integrations of Lubanski & de Jager (1948) who used a meson mass of 274raeand a 6-value of 1-526. Agreement with experiment can also be obtained with higher masses of the meson; in fact, the empirical results would favour a slightly higher mass. Hoisington, Share & Breit (1939) found th a t there was good fit with a meson mass of 326 and a 6-value of 1-547. I t is therefore not possible to use the results of the experiments in this energy range to fix the mass of the meson precisely. The value of 6 used by Hoising'ton et at. (1939) is again 2% lower than the corresponding value for the neutron-proton interaction, which is about 1-575. The difference in the values of 6 derived from neutron-proton and proton-proton scattering does not, therefore, disappear when larger meson masses are used.
The difference in the magnitudes of the neutron-proton and proton-proton inter actions which is revealed by this analysis hinges on Hanstein's (1941) determination of the cross-section for the scattering of thermal neutrons by protons, which was 21 ± 1 x 10-24cm.2. This determination limits the value of 6 to 0-2 % (cf. table 1), while the difference in question is approximately 2 %; it cannot, therefore, be set down to experimental errors. The results of proton-proton scattering correspond to a cross-section of 14 x 10_24cm.2 for the scattering of thermal neutrons by protons. Such a cross-section was found by Simons (1939) and was used by Hoisington et at. (1939) to establish the charge independence of nuclear forces for the meson type of interaction of equation (1) The experiments in this low energy region do not reveal any P o r scattered waves arising from the nuclear interaction of the protons. From the experimental uncer tainties Breit, Thaxton & Eisenbud (1939) have been able to set upper limits for the absolute magnitude of the 3P phase shift a t different energies. These in turn may be used to set a lower limit to the mass of the meson. In the Moller-Rosenfeld theory it is found th at any meson mass above 270 rae is acceptable from this point of view.
On the scattering of protons by protons 23 T h e s c a t t e r in g o f f a s t p r o t o n s b y p r o t o n s
The technique and equipment which have been used in the experimental investiga tions of the scattering of fast protons by protons were developed by Wilson & Creutz (1947) , who carried out a set of experiments with protons of 8MeV energy. More recently the apparatus has been used to investigate proton-proton scattering at lOMeV by Wilson (1947) and a t 14-5 MeV by Wilson, Lofgren, Richardson, Wright & Shankland (1947) . The phase shifts indicated by these experiments are given in table 4 . These have been determined by comparing the empirical results with the general expression containing arbitrary *S and 3P phases. The experiments at 8 and 14-5 MeV energy are not sufficiently accurate to provide definite evidence of the presence of a P-wave. On the other hand, Wilson's experiments a t 10 MeV energy indicate a negative 3P phase shift, which corresponds to a repulsive inter action. Wilson's results are presented in detail in figure 2* where they are compared with the best fit which can be obtained by an wave only (broken curve) and by allowing both S-and P-waves (full curve). Wilson did not measure any absolute cross-section at 10 MeV. However, as the 4S phase shift decreases slowly with energy in this region, the experimental results a t 8 and indicate a X S phase shift of 52°-7 + 2° at 10 MeV; Wilson's results have been nor malized to this figure at 90° angle of scattering. Peierls & Preston (1947) have pointed out that the 3P phase shift deduced from the empirical data is not sensitive to small changes in the vertical scale of figure 2. The uncertainties in the phase shifts quoted in table 4 have been deduced from the errors estimated by the investigators. (1947) on th e scattering of 10 MeV protons by protons. The broken curve is th e best fit which can be obtained if only /S-scattering is allowed. The full curve gives th e best agreem ent possible w ith and P -w aves; th e 3P phase shift is -0°*6.
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Using the values of b indicated by the scattering of slow protons by protons, it is found th at the theoretical predictions agree most closely with the empirical *S phases when the meson mass is assumed to be 270 With this meson mass the theory predicts X S phase shifts of 53°-6, 52°*7 and 51°*3 at the energies 8, 10 and 14*5 MeV respectively. In contrast to the results a t low energies, the hS phase shift is sensitive to changes in the mass of the meson. Using perturbation theory, the phase shift at 10 MeV energy is found to increase by 8t j0 = 0-27 ( S when the mass of the meson is increased by 8m; when the meson mass is increased to 300me, the phase shift is increased by nearly 2°. The uncertainties in the experi mental *S phase shifts in table 4 set limits of 270 ± 30 to the mass of the meson.
The experiments of Wilson (1947) indicate a small negative 3P phase shift at lOMeV energy (cf. table 4). This is qualitatively in accord with the weakly repulsive interaction predicted by the Moller-Rosenfeld theory for two nucleons in a 3P state. However, the quantitative predictions of this theory are not in very good agreement with the experimental results. The 3P phase shifts expected a t 8, 10 and 14-5 MeV energy for several values of the mass of the meson are given in table 5. For meson masses of 275 me and 300 me the magnitude of the phase shi decidedly larger than the empirical value. To get agreement with experiment a mass in the 350 me to 600 me range must be used. Such a m lead to the observed JS phase shifts. At energies of 8 MeV or higher the Moller-Rosenfeld theory predicts a small positive X D phase shift, which is about 0°-5 at 10 MeV energy for a meson mass of 275 me. The presence of this wave would be difficult to detect experimentally as its contribution to the scattering is similar to th at of a small negative 3P phase shift. For this reason its presence exaggerates the discrepancy between theorj^ and experiment mentioned in the previous paragraph; it effectively increases the magnitude of the 3P phase shifts given in table 5.
D i s c u s s i o n
The experiments on the scattering of slow protons by protons indicate a meson mass of 275 me or greater. To get agreement between theory and experiment, how ever, it has to be assumed that the nuclear interaction between two protons is 2 % weaker than the corresponding interaction between a neutron and a proton. The experimental X S phase shifts in the 8 to 15 MeV energy range indicate a meson mass of 270 + 30rae. Thus, a meson mass between 275me and 300me is consistent with all the experimental data on the nuclear interaction between two protons in a X S state. However, such a mass leads to an absolute 3P phase shift at 10 MeV energy which is significantly greater than th a t observed by Wilson (1947) , and a mass of 350me or greater is required to reduce the theoretical phase shift to the experimental value.
From the results of this investigation it is clear th at the Moller-Rosenfeld version of the meson theory of nuclear forces is unsatisfactory and th at some important modification must be envisaged. The first difficulty of the theory is th at the mass of the meson deduced from the scattering of protons by protons is too large to allow the identification of these particles with the charged particles found in cosmic radiation; the best estimate of the mass of the latter particles is 180»ne to 200 m,.. The second difficulty encountered is the difference in magnitude of the neutronproton and proton-proton interactions. The third difficulty faced by the theory is th at the mass of the meson deduced from the results of experiments on the scattering of protons by protons does not agree with the values indicated by other empirical data. From the binding energies of the lightest nuclei Frohlich, Ramsey & Sneddon (1947) obtained a value of 225 me for the mass of the meson to be Rosenfeld theory. Ramsey (1947) has also found th at a meson mass of 225 is consistent with the results of experiments on the scattering of fast neutrons by protons. This value cannot be reconciled with the range of mass 275 to 300 indicated by proton-proton scattering.
The Moller-Rosenfeld theory has met with more success than any other version of the meson theory of nuclear forces. I t would therefore appear th a t modification, rather than complete abandonment, is the proper approach to the difficulties out lined above. Experiments on the scattering of fast neutrons by protons have con firmed that the interaction between two nucleons in a X P state is strongly repulsive, and the experiments of Wilson (1947) have confirmed th at the interaction between two protons in a 3P state is weakly repulsive. These features are important character istics of the Moller-Rosenfeld theory, and their confirmation implies th at the set of eigenvalues of the operator G of equation (1) is either correct or need be modified only slightly. The radial dependence of the static interaction, namely r~1e~Ar, has a theoretical but no experimental justification. The difficulties which the theory meets when applied to proton-proton scattering suggest th at the radial dependence of the interaction has too small a ' curvature th at is, if the constants of the theory are adjusted to give a good description of the nuclear interaction a t small distances, then it will predict too large an interaction at large distances. This means th at the effective value of A, and so the effective meson mass, will increase as the distances between the nucleons is increased. The meson mass indicated by the scattering of protons by protons will then be larger than th at for the neutron-proton interaction because of the fact that the protons are kept apart by the electrostatic repulsion. The mass difference should, however, decrease rapidly with energy. This is actually the case. The experimental X S proton-proton phase shifts in the 8 to 15MeV energy region correspond to a meson mass of 240 ± 30 if the interaction constant indicated by neutron-proton scattering is adopted; this mass is not significantly different from th at found for the neutron-proton interaction. The wrong radial dependence may also be responsible for the apparent difference in the strengths of the neutronproton and proton-proton interactions; Hoisington et al. (1939) have shown th at such a difference of the order of a few per cent can arise in this way. The absolute 3P phase shift, for which the theory predicts too large a value, would be decreased if the interaction (1) were replaced by one of greater 'curvature'.
In conclusion the writer would like to thank Dr H. Frohlich and Professor L. Rosenfeld for the interest they have shown in this work. He is also indebted to Mr de Jager for a preliminary account of the researches of Lubanski & de Jager (1948) , and to Miss M. J. Littleton for assistance with the computations. 
I n t r o d u c t i o n
Eyring and his colleagues (Eyring 1936; Ewell & Eyring 1937; Glasstone. Laidler & Eyring 1941) have applied the theory of absolute reaction rates, combined with the ' hole ' theory of liquids, to the problem of viscosity. They consider the holes in a liquid as playing a part similar to that played by the molecules in a gas. Their investigations have yielded interesting material concerning the total and free energies of activation of viscosity, their relation to the energy of vaporization, and the possible causes of their variation with temperature in some systems. The latter have also been discussed by Ward (1937) . These concepts have been mainly applied
